The size of these seven proteins varies between 96 ences in the copper binding sites do occur (and these and 155 residues. Orthologs of the first four of these can be of functional importance), but, overall, they have proteins are widely distributed and have had structures very similar core structures in spite of the protein sedetermined from a variety sources, e.g., plants, fungi, quences being very diverse. Here we analyze the strucand/or bacteria. These orthologs have sequence identiture and sequences of the monomeric members of the ties of about 70% and structures that are much more cupredoxin family of proteins to determine how the bindsimilar to each other than they are to the different family ing site is conserved in the context of large sequence members listed above. In this work, therefore, we use changes.
. Although the two ␤ sheets are conserved in all cupredoxins of known structure, their positions relative to each other, and the exact length of their strands, can vary. To determine the regions of structure common to all structures we examined their hydrogen bonds, residue contacts, and residue accessible surface areas and carried out structural superpositions.
Structural Data for the Cupredoxins
These data were all calculated using Arthur Lesk's PINQ program.
Hydrogen Bonds
We identified in each structure all of the backbone hydrogen bonds which join the strands into parallel and antiparallel ␤ sheets. The pattern of hydrogen bonds identifies the strands in the two sheets and suggests teins. The conserved ␤ sheet hydrogen bonds can be seen in Figure 3 . Residue Contacts one sheet. Here, plastocyanin is used as a standard Contacts between residues in protein interiors tend to for the family and the others are compared to it. The be preserved and give useful conservation information structure of plastocyanin is shown in Figure 1 . The secabout the residues that play equivalent roles in different ondary structures common to all cupredoxins are the homologs. We calculated the contacts made by resitwo ␤ sheets that pack face to face: one with strands dues in the protein, i.e., residues containing atoms A, C, and E, and the second with strands G, F, and D. whose distance apart is less than a specified threshold. The N-terminal half of strand B is part of the first ␤ sheet
The threshold used here is that a contact exists between in five of the structures, and the C-terminal half is part two residues if they have atoms whose distance apart of the second sheet in all seven structures. Regions is less than the sum of their Van der Waals' radii plus 0.5. equivalent to that around the ␣ helix and interstrand Accessible Surface Area loops in plastocyanin can have quite different conformaThe accessible surface area (Lee and Richards, 1971) tions and sizes in the other cupredoxins (Figure 2 ) (Colwas calculated for all residues in each structure ( Figure  3 ). The accessible surface area is important conservation information that indicates which residues are on the surface, which are buried, and to what extent. For residues that conserve their conformation in different cupredoxin structures, the average value was determined (see Figure 4 ).
Structural Comparisons of the Seven Cupredoxins The Regions of Similar and Different Conformation
When comparing hydrogen bond patterns of ␤ sheets, a spatial shift of two residues either up or down in the plane of the sheet produces an alternative alignment. As a consequence, the hydrogen bond diagrams do not always give an unambiguous positional equivalence of stands between structures. The correct solution must be determined by use of hydrogen bonds, residue contacts, and three-dimensional superpositions. Once the backbone hydrogen bond patterns have been used to sug- whereas the loops and helices are not.
Plastocyanin was chosen as a "master" structure, and the other six structures were each in turn aligned to it (Table 1) . Ultimately the pairwise superpositions were combined to find the multiple structural alignment. Although within each of the ␤ sheets there is very little difference in conformation, there can be more variation in the positions of the two sheets relative to one another. Thus the pairwise structural alignments were arrived at by first superposing sheet one only, then sheet two, and then the whole structure at once by combining the matching regions from sheets 1 and 2. The work on hydrogen bond patterns was used to define an equivalence between any two structures of a few residues on each strand of one of the two sheets. These equivalencies were used to fit the pair of structures to each other by minimizing the rms deviation between backbone atoms of these few equivalent residues on the chosen sheet. The number of residues used for the fit was then iteratively increased by extending the region of each strand included in the fit, inferring the equivalence from the previous fit. This was continued as long as no pair of residues differed in position by 3.0. Alignments of sheets 1 and 2 in plastocyanin and azurin were described in a previous paper (Chothia and Lesk, 1982). Our results indicate that this previous work made an error in the alignment of sheet two, probably because at the time it was carried out only C coordinates were available for the structure of azurin.
Once the pairwise alignments had been made, a comparison of the regions of plastocyanin which align to the other structures could be used to find the regions which are common to all. This gives the full multiple structural alignment between all members. It became clear during the analysis that cupredoxins fall into two sets. The phytocyanins (Cucumber Basic Protein and stellacyanin) are more similar to each other than to the rest and vice versa (Guss et al., 1996; Hart et al., 1996). The set of five structures we will call set I and the set containing the other two we will call set II. In set I, the five cupredoxins share 57 residues which have the same conformation. This common core comprises 58% of the residues in the smallest (plastocyanin) and 37% of those in the largest (rusticyanin). Cucumber Basic Protein and stellacyanin also have 57 residues in their common core: 59% and 52% of their respective total residues. The 57 sites for set I are shown later in Table 3 , along with 35 sites in common with both sets (see below).
The difference between the sets is produced in part by the top of strand A and strand B having alternate bulging conformations in set II (because of an inserted positions of the conserved ␤ sheets. The procedure for on the whole sheets to move relative to each other during the course of evolution. This is discussed below. calculating the differences in their relative positions is as follows. First, the master structure (1plc) is moved to a chosen orientation about the z axis. Then, the master Sequence Residues in the Conserved Core of the Monomeric Cupredoxins structure is moved such that the backbone atoms of the conserved residues in the second sheet have a minimum
To investigate the properties of the residues in the conserved core of the proteins, we collected sequences of rms deviation from the x-y plane. The master structure is then moved in the plane such that the center of mass cupredoxins whose structure is unknown but whose homology to one of the known structures is clear. By of the backbone atoms of conserved residues in the second sheet lies at the origin. The second structure, aligning other sequences to those of known structure, a more detailed view of the nature of residues allowed which is to be compared to the master, is placed such that the backbone of the first sheets of both structures at positions in the core can be obtained. The sequence of each of the structures was matched have a minimum rms deviation from each other. Finally, the translations and rotations necessary to move the to sequences in a nonredundant database (Holm and Sander, 1998) using Fasta (Pearson and Lipman, 1988). second sheet of the master structure to the position of the second sheet of the second structure are calculated.
The few sequences that were found by more than one of the searches were assigned only to that with the Table 2 shows the relative shifts of the sheets in the structures compared to the positions of the sheets in strongest similarity. For each search, partial sequences were eliminated; then, those remaining were aligned to plastocyanin (1plc). The movements of the sheets relative to each other are large compared to the movements the sequence of the structure used for the search using ClustalW (Thompson et al., 1994). The result was seven within sheets. This means that although there are very strong structural constraints holding the strands in their sequence alignments of nonredundant homologs. The accurate structure-based sequence alignment of the positions in the sheets, there is much less of a constraint For each structure the PDB code is shown, followed by the number of residues of the domain, the number which align to plastocyanin, the number which are identical in sequence, the identical residues expressed as a percentage of those aligned, and the root-mean-square deviation of backbone residues in angstroms between the aligned parts of the pair of structures. The last two columns are extra information about the X-ray structure. similar in size, e.g., L or M (B1) and V or I (C4), or have bic classes in 93%-100% of cases. When all seven structures and their homologs are considered together, the size of the common core is seven proteins was used to align the seven alignments reduced to 35 residues; see Table 3 . In Table 3 we list to each other, creating one large alignment of 77 sethe residues found at these sites in Cucumber Basic quences. This alignment was carefully studied and Protein, stellacyanin, and their nine known sequence adjusted using the results of the structural analysis to homologs. Twenty-four sites have residues that are the correct the alignment. Where necessary, further investisame as those found in set I proteins. There are another gation of the structures was carried out to solve specific six sites where the residues are similar to those in set uncertainties in the alignment.
I sequences, e.g., B3 which has YF in set 1 and W in The alignment of 77 sequences was analyzed to see set II. The remaining six sites have residues different to what variations occurred in the residues of the conthose found in set I sequences. At at least some of these served core and binding site. The occurrence of every sites, the differences are accommodated by the regions amino acid in each column of the alignment was that differ in conformation in the two sets. For example, counted. A simple program was written to extract the at site G4, set I sequences have GA residues while set salient features at each site based on the negative log II has VLI; the larger side chains are accommodated by odds probability, normalized by the composition of the the bulges in the B strand of set II structures. alignment, of getting the observed frequency of amino acids at each site. The full alignment and residue analysis can be seen respectively as supplemental informaLinked Conservation of the Active Site and Structure tion at http://supfam.org/SUPERFAMILY/alignment_ stats.txt; http://supfam.org/SUPERFAMILY/cgi-bin/ We have described the extent to which structure and residues are conserved in seven cupredoxins that have alignment_stats.cgi?exampleϭy. Residue and Site Conservation known structures and their close homologs. Overall, the conserved structure comprises some 57 residues in the in the Common Cores The information gathered from the analysis of the strucset I structures and some 35 residues in both set I and II. In the two sets, the structure of ␤ sheet one is largely tures described above showed that the common core consists of the binding site and parts of the two sheets conserved whereas ␤ sheet two conserves only a small central region. Absolute residue conservation occurs which support it. In Table 3 , we describe the nature and extent of the residue conservation at the sites in the at three copper binding sites, and strong conservation occurs at some 16 sites that are in the binding site region common core. A schematic diagram of the common core structure is shown in Figure 4 . or form the core of the protein.
In the cupredoxin structures discussed here, the copWhen examining residue conservation, it is convenient to consider not just individual residues but also per ion is completely buried and has bonds with the side chains of four residues. The binding site is mostly classes of residues. A classification we have found useful is based on the two correlated properties of residues: atop sheet one (see Figure 5) . A cysteine at the end of the F strand and a methionine at the beginning of the (i) the extent to which they are distributed between the surface and interior of proteins and ( to the copper atom to form a weak fifth bond; in the other structures, this oxygen is somewhat further away First we will discuss residue conservation in the set I structures and their homologs. There are 57 residue (Baker, 1988; Guss et al., 1996). The coordination geometry of these ligands is that of sites in their common core. Significant residue conservation is found at 50 of these sites (see Table 3 In Figure 7 we show for plastocyanin a space-fill draw- Table 2) . The common core structure of the five set I cupredoxins considered above comprises 57 sites, and the pattern of residues found at these sites is described in Table 3 . We examined the residues at the equivalent sites in auracyanin to determine how closely they fit this pattern. At 51 sites, an exact match is made. At three sites, that are on the surface in our set I structures, C1, D3, and F3, and have sn residues in 86%-100% of sequences (Table 3) structures we see that the conserved buried hydrophobic residues lie along one diagonal of each ␤ sheet. On the copper ligands at F6 C and G2 M. Residues, equivathe uppermost ␤ sheet the conserved residues point lent to those in strand B in set one, have a quite different down and cluster around a diagonal on the ␤ sheet that conformation in set II structures, but they retain a resiruns from bottom left to top right. On the lowermost ␤ due in the same position of the same type and with the sheet the conserved residues point up and cluster same role as set I B3 (Table 3) .
around a diagonal on the ␤ sheet that runs from top left Thus, except for B3, the major role of sheet two seems to bottom right. We have seen how the twist of the to be the stabilization of the structure of sheet one.
two ␤ sheets brings these residues to the center of the This role is consistent with the variety of conformational protein (Figure 7) . differences in the regions around the center of the sheet.
The variable domains of the immunoglobulins also It also allows movements of sheet two relative to sheet have two ␤ sheets packed face to face like the set I one; for example, in azurin, sheet two it is shifted 3.1Њ cupredoxins. Sequences are available for over 5300 difand rotated 15.7Њ relative to its position in plastocyanin ferent variable domains and examination of these shows (see above and Table 2 (Table 3) . We superobservations for the residues conserved on two families posed the main chain coordinates of the equivalent resiof four helix proteins that have different chain topoldues in auracyanin on those in plastocyanin. They fit ogies. with an rms difference of 1.9 . We also determined the differences in the relative position of the ␤ sheets in the Conclusions two proteins. Sheet two in auracyanin differs in position
In particular, we identify the common core of the protein and examine the properties that the residues in the core relative to sheet two in plastocyanin by a shift of 2.4Њ possess. We then relate the conservation at these resiconsequence, this sheet supporting the binding site is also required to maintain the function. Hence the tightdues to the residues that form the active site. The cupredoxins share the same diagonal pattern of residue packing, hydrophobic, inward-facing residues of the sheet have a limited number of allowed sequence variaconservation as those of another sandwich fold, the immunoglobulins. Unlike the immunoglobulin variable tions. Although the other sheet provides the second half of the sandwich and complimentary inward-facing domains which make use of the variability of their loops for their function, the cupredoxin family has a strong residues of the buried core of the structure, it has little involvement in the binding site. Thus, there are some constraint on the binding site required to maintain the function of binding the single copper atom for electron constraints on the second sheet to compliment the first and maintain the fold; freedom to move relative to the transport. To maintain the tetrahedral binding site, there is strong conservation of the residues in the loops which binding site requires less conservation in the residues not at the center of sheet two. Furthermore, the position actually bind the copper atom. Residues in the loops surrounding the binding residues are also important to of the sheet relative to the first sheet which supports the binding site is not conserved. hold them in the right position; these are also conserved.
The binding site is supported by the rest of the strucThe example of the cupredoxin family shows that the constraints on the core of the protein are intimately ture. It sits mainly atop one sheet consisting of residues in the loops between strands of the sheet, and as a coupled to the functional site on the surface of the pro- 
